cDNA clones of different portions of the L cistron and 5'-terminal region of the vesicular stomatitis virus genome have been prepared and used to identify the exact site of the deletion in the defective interfering particle, DI-LT. The deletion extends from nucleotide 251 from the beginning of the L gene to a position 342 nucleotides from the end of the genome. The nucleotide sequences flanking the deletion site, as well as those at the ends of the deleted segment, did not contain any obvious vesicular stomatitis virus initiation or termination signals as had been found near the recombination sites in other defective interfering particle RNAs. The results best fit a model for the origin of this type of defective interfering particle in which the polymerase interrupts its synthesis and moves with its nascent daughter strand to a new position on the template and resumes synthesis there, further extending the nascent strand. Neither the interruption nor the resumption of synthesis appears to be in response to the template nucleotide sequence. The sequences of two partial L cistron clones also reveal open reading frames that code for amino acid sequences likely to be the amino and carboxy termini of the L protein.
cDNA clones of different portions of the L cistron and 5'-terminal region of the vesicular stomatitis virus genome have been prepared and used to identify the exact site of the deletion in the defective interfering particle, DI-LT. The deletion extends from nucleotide 251 from the beginning of the L gene to a position 342 nucleotides from the end of the genome. The nucleotide sequences flanking the deletion site, as well as those at the ends of the deleted segment, did not contain any obvious vesicular stomatitis virus initiation or termination signals as had been found near the recombination sites in other defective interfering particle RNAs. The results best fit a model for the origin of this type of defective interfering particle in which the polymerase interrupts its synthesis and moves with its nascent daughter strand to a new position on the template and resumes synthesis there, further extending the nascent strand. Neither the interruption nor the resumption of synthesis appears to be in response to the template nucleotide sequence. The sequences of two partial L cistron clones also reveal open reading frames that code for amino acid sequences likely to be the amino and carboxy termini of the L protein.
The vesicular stomatitis virus (VSV) defective interfering (DI) particles can be grouped into four types on the basis of their chromosomal structure (11) . Although the generation of the different types of DI particles is believed to occur by closely related copy choice mechanisms, the different genomic structures represented in the four classes indicate that special circumstances may favor the generation of one or another type of DI particle. The presence of a sequence at the 5' end of the viral chromosome that is related to the highly conserved transcription and replication initiation site is likely to play an important role in the generation of the "panhandle" type of DI particles (18) . Similarly, Keene et al. (9) suggest that a sequence related to the VSV termination sequence may be important in the origin of the "compound" type of DI particle.
Analysis of the sequences flanking the site of the deletion in "simple deletion" DI particles (for example DI-LT) has not been made as yet because the relevant regions of the DI particle or parental virus chromosome are sufficiently far from the termini that the rapid RNA sequencing methods cannot be applied. Earlier studies (7, 15) established that the genome of a major DI-LT was a simple deletion which retained both parental termini. On the basis of the results of heteroduplex mapping we estimated that the site of the deletion on the most abundant DI RNA in the preparation was about 320 to 350 nucleotides from the 5' terminus and that the deletion was completely contained within the L cistron (7) . In the present communication, we describe a group of cDNA clones that contain these important regions of the DI particle and parental viral genomes. By sequencing these clones, we have established that the 5' termini of the DI-LT and the parental genomes are the same for 341 nucleotides from the 5' termini. The sequence of the DI genome starting at nucleotide 342 corresponds to that found approximately 5 kilobases further down the parental genome, at a point 250 nucleotides from the beginning of the L cistron. These results, together with those reported earlier, indicate that the genomes of DI-LT and the parental virus are identical from this deletion point to their 3' termini. The sequences of the regions flanking the deletion site do not resemble the VSV initiation or termination sites, and no discernible stable secondary structure could be drawn for the sequences. Consequently, the formation of the deletion is not likely to be RECOMBINATION EVENT GENERATING VSV DI PARTICLE   767 constrained by the primary sequence of the chromosome as suggested for the generation of the panhandle RNA structures. Other factors besides primary structures may influence DI particle generation. In particular, our analysis does not address the question of whether intraor intermolecular alignments of the VSV chromosome in the cytoplasm may subtly influence the generation of deletion DI particles (14) .
MATERIALS AND METHODS
Viruses and DI particles. The heat-resistant strain of VSV, HR, and the deletion DI particle derived from it, DI-LT, were obtained from Ludvik Prevec and Y. Kang, respectively. The DI-LT was cultured under conditions of minimal autointerference in monolayer cultures of BHK 21 cells. (Earlier analysis [7, 15] revealed that stocks derived from the DI-LT described by Petric and Prevec contained trace amounts of several other DI particles which, upon further passage, could be amplified to represent a sizeable portion of the progeny. Under these conditions, the DI-LT is the most abundant DI particle among the progeny and the DI-LT2, although present, accounts for only 10 to 15% of the total DI particles (7). The VSV DI 011, which contains covalently linked complementary RNA strands, is also of the Indiana serotype, but is derived from the Mudd-Summers strain (12) . Viruses and DI particles were prepared and purified as previously described (10, 12) . RNA was prepared by phenol-chloroform-sodium dodecyl sulfate extraction of purified virus particles and subsequently fractionated on sodium dodecyl sulfate-sucrose gradients. The RNA was recovered from the gradients by ethanol precipitation.
Plasmids. The plasmid pO11-2, containing the genetic information from the 5' end of the VSV, was prepared from DI 10 ,ug of actinomycin D per ml, and 500 U of avian myeloblastosis virus reverse transcriptase per ml. After 90 min of incubation at 42°C, the reaction solution was adjusted to 0.3 M NaOH and heated to 50°C for 30 min to hydrolyze the RNA. The solution was neutralized with acetic acid, passed over a Sephadex G50 column, and precipitated with ethanol. The cDNA was dried in vacuo and dissolved in water. Double-stranded DNA was synthesized under the same general reaction condition, but without primer or RNA. Double-stranded cDNA was trimmed with S1 nuclease and tailed with oligodeoxycytidylic acid as previously described (5, 25). The tailed cDNA were hybridized to oligodeoxyguanidylic acid-tailed pBR322 and introduced to E. coli HB101 as previously described (23) . Colonies were screened by hybridization with 32P-labeled DI particle RNA (6) .
The plasmids pLT-86, pLT-54, and pHR-9 carry VSV inserts that begin at the end of the G cistron and extend into the L cistron in the case of pHR-9 or the remnant of the L cistron in the case of pLT-86 and pLT-54. All three plasmid inserts extend beyond the deletion point. The inserts were prepared by using either DI-LT RNA or VSV HR RNA as a template and extending a 49-nucleotide-long primer cut from pG65 (16) . Double-stranded cDNA was prepared with these primers and templates under the conditions described above, except that the concentration of the primer was 1.2 Kg/ml. Ampicillin-sensitive clones were screened by colony hybridization with 32P-labeled DI 611 (24) and 32P-labeled primer. The three plasmids, pHR-9, pLT-86, and pLT-54, containing inserts larger than 400 base pairs were selected for further study. The primer used in the synthesis of the cDNAs extends from the Hinfl site at position 1,584 to the HaeIII site at position 1,632 of the G cistron. Consequently, the clones obtained with this primer contain the primer followed by a 41-base-pair sequence that corresponds to the end of the G, the polyadenylation site, and the intercistronic dinucleotide preceding the L cistron.
Restriction site and size of the deletion in DI-LT, we obtained cDNA clones that represented the relevant regions of the VSV and the DI-LT genomes. In Fig. 1 we schematically compare RNA genomes of DI-LT and VSV to the cloned cDNA's that were analyzed. For simplicity, we will refer to the relevant regions as a, b, c, and d. The a region lies between the 5' terminus of the DI particle or parental viral chromosome and the deletion site at position 341 from the 5' terminus (see below). The b region abuts the a region in the parental genome, but is deleted in DI-LT. Similarly, the d region starts at the deletion site and extends upstream toward the beginning of the L cistron. It, too, is present in both the DI-LT and the parental viral genomes. The c region is deleted in the DI particle and abuts the d region in the parental viral genome. These sequences define the environment of the polymerase in any hypothetical copy choice recombination event whether it occurred while replicating the positive or the negative strand of the genome.
Three of the clones (pHR-9, pLT-86, and pLT-54) used in this study were obtained by extending a 49-nucleotide-long primer cut from pG-65, a clone described by Rose To obtain a clone of the VSV 5' terminus we employed the RNA of the "snap-back" DI particle, DI 011. This RNA is perfectly self-complementary (21) and folds into an approximately 860-base-pair hairpin duplex. The 5' arm of this duplex is homologous to the 5' portion of the wild-type VSV genomic RNA for its full length (20) , and consequently the 3' arm is the complement of the 5' portion of the VSV chromosome for its full length. DI 011 RNA is unique in that it forms a duplex with only a single 3' terminus, and polyadenylation of DI 011 RNA with E. coli poly(A) polymerase introduces a poly(A) chain only on the positive sense arm. After mild nuclease digestion to nick the hairpin RNA at the turnaround point, the polyadenylated (positive-sense) strand was collected by adsorption to and elution from oligodeoxythymidylic acid-cellulose. The recovered polyadenylated RNA served as a template for avian myeloblastosis virus reverse transcriptase by using T7rAdC to specifically prime synthesis adjacent to the original 3' terminus of the DI RNA. After secondstrand DNA synthesis, the DNA was inserted into the PstI site of pBR322 by oligodeoxyguanidylic acid-oligodeoxycytidylic acid tailing. Transformation of E. coli HB101 with the DNA mixture yielded colonies containing the VSV 5' terminal sequence. These were identified by colony hybridization with DI particle product RNA-a 46-nucleotide-long transcript whose sequence is identical to that of the 5' terminus of VSV (11, 19, 21, 22) . From among the positive colonies, pO11-2 was selected for further study.
Sequence divergence between clones pOll-2, pLT-86, and pHR-9. pO11-2, pLT-86, and pLT-54 were sequenced in their entirety by the chemical sequencing methods of Maxam and Gilbert (13) . Clone pHR-9 was partially characterized, and only the portions relevant to this study were sequenced. As expected only a portion of the sequence of pLT-86 was homologous to the sequence of clone pO11-2. The autoradiogram shown in Fig. 2 cistron of VSV San Juan revealed three differences in the noncoding portion of the G cistron. These are indicated in Fig. 4 by the letters within parentheses above the main sequence.
The complete VSV sequences contained in clone pO11-2 are shown in Fig. 5 . This sequence confirms and extends that published earlier by Schubert et al. (17) . Analysis of the sequence reveals that there is only one open reading frame in this part of the L protein mRNA. This frame terminates at the UAA coded for by positions 102 to 100 from the 5' end of the genome. If this translation terminator is functional, the VSV Lprotein synthesis terminates 36 nucleotides before the poly(A) tail of the mRNA, which is coded for by VSV genome positions 60 to 66 (17) . The predicted sequence of the 88 carboxy terminal amino acids is shown in Fig. 5 loosely associated with the template during this replication leap since the same viral chromosome appears to direct the synthesis of both halves of most deletion DI particle RNAs (2, 11) . By analogy with the variations of the copy choice models proposed to explain the other types of DI particle RNAs one might expect to find specific sequences near the position where synthesis was interrupted or resumed, e.g., sequences similar to those found at termination or initiation sites. The putative, aberrant replicative event leading to the generation of a deletion might take place while copying either a positive or a negative template. Analysis of the sequences shown in Fig. 3 does not reveal any relation to the known initiation or termination sites. Furthermore, the sequences do not suggest any (potentially) strong secondary structures, but we cannot rule out interactions between these regions and others that are at a distance. However, in the absence of any evidence to the contrary, it seems likely that the generation of the simple deletions may proceed by mechanisms that are independent of the primary sequence at the site of deletion.
It is interesting to note that recent analyses of influenza virus DI particle RNAs led to the same conclusion. Nayak and associates examined four DI particle RNAs and found that the sequences that flank the deletion are different in different DIs and do not appear to be related to influenza virus termination or initiation sequences (2, 4; Nayak, personal communication).
These studies have been greatly extended by
Robertson and associates, who have sequenced 36 influenza DI particle RNAs. All were found to be simple deletions with no apparent sequence constraints on the formation of the deletion (Robertson, personal communication). In a previous publication, Herman and Lazzarini (8) reported the synthesis of an unusual mRNA, G* mRNA, by a DI-LT particle. This polyadenylated RNA was shown to contain sequences from both the G and L cistrons. Both the size and the composition of the mRNA are consistent with it being a product of readthrough transcription of the G cistron and the remnant of the L cistrons with polyadenylation only at the end of the L sequences. The proposed failure of the polymerase to polyadenylate and terminate at the end of the G cistron might be attributed to alterations of the sequences that specify these processes. The sequence presented in Fig. 4 includes the polyadenylation site of the end of the G cistron in DI-LT and VSV HR. Three differences between the DI-LT sequence and the VSV San Juan were found in this region.
However, the relevance of these to the G* mRNA is not clear, since both the parental VSV HR and the DI-LT sequences are the same in this region, although only the DI-LT synthesizes appreciable amounts of the G* mRNA. In making these comparisons, one must bear in mind that the DI-LT stocks are mixtures of particles and that during each amplification of the stock, the composition may change. Consequently, there is no assurance that the DI AND LAZZARINI to that copied in the preparation of the clones described here. However, we have sequenced two independent clones prepared from DI-LT RNA, and both are deleted for precisely the same sequence, suggesting that the clones are copies of identical RNAs that are present in reasonable abundance.
LITERATURE CITED
